Death receptors, belonging to the TNF receptor superfamily, induce apoptosis through two different pathways, one involving the effector caspases directly (type I cells or mitochondria-independent death), the other one amplifying the death signal through the mitochondrial pathway (type II cells or mitochondria-dependent death). MicroRNAs (miRNAs) are a class of small noncoding RNAs that regulate the stability or translational efficiency of targeted messenger RNAs. MiRNAs are involved in many cellular processes that are altered in cancer, such as differentiation, proliferation and apoptosis. In this review we will discuss recent findings implicating miRNAs as regulators of death receptors and pro-and antiapoptotic genes involved in programmed cell death pathways. Cell Death and Differentiation (2010) 17, 200-208; doi:10.1038/cdd.2009; published online 31 July 2009
MicroRNAs and death receptors
MicroRNAs (miRNAs or miRs) are a class of endogenous noncoding, highly conserved RNAs of around 22 nucleotides in length, that are encoded in plant and animal genomes. 1 They negatively regulate mRNA expression by repressing translation or directly cleaving the targeted mRNA. 2 In the past few years, our understanding of the role of miRNA has expanded from the initially identified functions in the development of round worms to it becoming a highly expressed and ubiquitous regulator implicated in a wide array of critical processes, including proliferation, cell death and differentiation, 3 metabolism 4 and, importantly, tumorigenesis. 5 MiRNAs are thought to regulate about 30% of the protein-coding genes of the human genome, and individual miRNAs typically target several transcripts rather than just one specific gene. 6 Death receptors are cell-surface receptors belonging to the tumor necrosis factor (TNF) superfamily that includes CD95 (FAS/APO-1), TNF-R1 and TRAIL receptors ( Table 1 ). All death receptors carry a conserved cytoplasmic domain of about 89 aa called the death domain (DD). The DD is a structurally conserved protein-interaction domain (consisting of six antiparallel a-helices) which is important in the initiation of apoptotic signals. 7 On ligand binding, death receptors trimerize and recruit adaptor molecules to form the deathinducing signaling complex (DISC); this initiates a cascade of events leading to caspase activation and finally to cell death.
The influence of regulatory noncoding RNA on apoptotic cell-signaling has not been extensively explored, but increasing evidence is pointing microRNA as a controller of intrinsic developmental and proliferative cell programs and ligandinduced cell signaling.
MicroRNAs and TRAIL. TNF-related apoptosis-inducing ligand (TRAIL; also known as Apo2L and TNFSF10) is a type II transmembrane protein belonging to the TNF superfamily. TRAIL was initially identified and cloned based on sequence homology of its extracellular domain with CD95L (28% identical) and TNF (23% identical). 8 Humans have five distinct TRAIL receptors 9 that are encoded by separate genes. DR4 (TNFRSF10a, TRAILR1) and DR5 (TNFRSF10b, TRAILR2) have been shown to form both homomeric and heteromeric complexes 10 ( Table 1) . The other three receptors appear to act as 'decoys'. Decoy receptor 1 (DcR1) 11 and DcR2 have a truncated, nonfunctional cytoplasmic DD; in addition, DcR1 lacks a cytosolic region and is anchored to the plasma membrane through a glycophospholipid moiety. Therefore, both receptors are incapable of transmitting an apoptotic signal. The fifth TRAIL-binding receptor is osteoprotegerin (TNFRSF11b): this is a soluble protein that may also function as a decoy/inhibitor by sequestering TRAIL extracellularly.
TRAIL is being developed as a promising antitumor agent that induces apoptosis in several tumor-derived cell types but rarely in normal cells, through the activation of caspases. 12 Unfortunately, many human cancers are resistant to TRAILinduced apoptosis; the mechanism of this resistance is not clear. To address the gene networks regulating TRAILinduced apoptosis by a large scale screening, Ovcharenko et al. transfected 17 000 unique siRNAs and B200 synthetic miRNAs in MDA-MB-453 breast cancer cells. Their results indicated that 36 genes, including previously identified components of the apoptotic pathway, and 34 miRNAs participate directly or indirectly in the regulation of apoptosis.
The siRNAs that were shown to affect TRAIL-induced apoptosis targeted multiple genes involved in the TRAIL pathway and genes never implicated before, for example, CDK4, PTGS1, ALG2, CLCN3, IRAK4 and MAP3K8. Among the more interesting genes found to modulate apoptosis was CDK4, a cyclin-dependent kinase capable of inducing G 1 arrest in response to the DNA damage sensor, p53. 13 To identify miRNAs that might regulate apoptosis through deathreceptor signal transduction, MDA-MB-453 cells, transfected with 187 individual synthetic miRNAs probing the TRAIL pathway, were screened for phenotypic defects. Thirty-four of these miRNAs led to a differential caspase-3-activation phenotype. These included mir-10a, mir-28, mir-196a and mir-337, which induced caspase-3 activity, and mir-96, mir-145, mir-150, mir-155 and mir-188, which blocked caspase-3 activation. The finding that miRNAs affect TRAILinduced apoptotic pathways confirmed that microRNA is involved in regulating ligand-induced apoptosis. In gliomas, miR-21 was reported to be upregulated, and miR-21 knockdown was associated with increased apoptotic activity. 14 Furthermore, Corsten et al. evaluated the combined effects of miR-21 antagonism and expression in neural precursor cells (NPC) of a secretable variant of the cytotoxic agent, tumor necrosis factor-related apoptosis inducing ligand (S-TRAIL). They demonstrated that pretreatment of glioma cells with LNA-anti-miR-21 and NPC-mediated S-TRAIL delivery to glioma led to synergistic antitumor effects both in vitro and in vivo. 15 Mott et al. reported that miR-29b regulates Mcl-1 expression in cholangiocarcinoma cell lines. 16 Mcl-1 is a potent multidomain antiapoptotic protein that contains Bcl-2-homology domains BH3 and that heterodimerizes with Bcl-2 family members. Specifically, Mcl-1 binds to the BH3-only proteins Bim, Bid, Bik, Noxa and Puma, 17 as well as Bak. 18 Binding to Bid and Bim protects against TRAIL-induced cell death. Enforced miR-29b expression reduced the level of Mcl-1 protein and sensitized cancer cells to TRAIL cytotoxicity. 16 We recently addressed the implication of miRNAs in TRAIL resistance in four non-small cell lung carcinoma (NSCLC) cell lines having different sensitivities to TRAIL.
We found that miR-221 and miR-222 were markedly upregulated in TRAIL-resistant (Calu-1) and semiresistant (A459, A549) cells compared to TRAIL-sensitive (H460) NSCLC cells. 19 The receptor tyrosine kinase Kit and the cycline-dependent kinase inhibitor, p27 kip1 are both functional targets of miR-221 and miR-222. 20 Although many other cancer cells are resistant to TRAIL-induced cell death by still unknown mechanism, the above-mentioned studies indicate a promising link between TRAIL resistance and miRNAs. Therefore, it can be hypothesized that the modulation of miRNAs might become a viable therapeutic strategy to sensitize cancer cells to TRAIL-induced apoptosis.
MicroRNAs and TNF. TNF is a major mediator of apoptosis as well as of inflammation and immunity, and it has been implicated in the pathogenesis of a wide spectrum of human diseases, including cancer 22 and autoimmune diseases. 23 TNF binds to two specific receptors, TNF-receptor type I (TNF-R1, CD120a) and TNF-receptor type II (TNF-R2, CD120b; Table 1 ). These receptors differ in structure and function. A DD is present only in TNFR1, and thus, TNFR2 activation does not directly lead to caspase activation. TNFR2 is believed to initiate primarily proinflammatory and prosurvival signaling. On the other hand, TNFR1 activation leads to recruitment of intracellular adaptor proteins that activate multiple signal transduction pathways 24 and can have two different end results that are dependent on the cellular context. The default pathway is the induction of genes involved in inflammation and cell survival. Binding of TNF-a to TNFR1 induces a range of inflammatory mediators and growth factors through activation of the AP transcription factors and nuclear factor-kB (NF-kB). Importantly, NF-kB In this respect, TNF-a is a bifunctional molecule and the response of a cell to this agent probably depends on interplay between pro-and antiapoptotic signaling events. Studies on the interplay of miRNA and TNF have been based mainly on the effects of TNF and other inflammatory cytokines on expression of miRNAs; few studies investigating the effects of miRNA on the regulation of the TNF pathway have been reported so far.
To examine the potential involvement of miRNAs in the innate immune response, Taganov et al. analyzed expression profiling of 200 miRNAs on exposure of the human acute monocytic leukemia cell line, THP-1, to a variety of microbial and proinflammatory components. 25 Several miRNAs (miR-146a/b, miR-132 and miR-155) were found to be upregulated in response to lipopolysaccharide (LPS) as well as to other microbial components and proinflammatory mediators, such as TNF-a and interleukin (IL)-1. Besides the identification of endotoxin-mediated upregulated miRNAs, the analysis of the promoter region of the miR-146a gene revealed that NF-kB plays a critical role in induction of its transcription by LPS, TNFa and IL-1b. In addition, they determined TRAF6 and IRAK1 as potential molecular targets of miR-146. These findings suggest that miR-146a/b may function as a novel negative regulator that contributes not only to the fine-tuning of the immune response but also to the modulation of the apoptotic pathway in response to TNF-a and other proinflammatory mediators.
The involvement of mRNAs also in the innate immunity response was reported by Tili et al. They found that miR-155 and miR-125b were respectively upregulated and downregulated in mouse Raw 264.7 macrophages in response to LPS. The effect was specific for myeloid cells because human breast cancer cells did not display the same regulation. MiR-155 targeted the mRNA of apoptosis-regulating proteins such as IKK-e, FADD and Ripk1. 26 The role of TNF-a in the regulation of miR-155 was demonstrated further in another study reporting that interferon (IFN)-g induced miR-155 in macrophages after 6 h of stimulation. 27 Using TNFR1 À/À macrophages, they demonstrated that IFN-b and IFN-g failed to upregulate miR-155 in the absence of TNFR1 signaling. Together, these findings identify TNF-a as an inducer of miR-155 and indicate that IFNs requires TNF-a autocrine/paracrine signaling to upregulate miR-155 in macrophages.
A recent study analyzing 365 miRNAs reported that miR-9 becomes upregulated in both human polymorphonuclear neutrophils (PMN) and monocytes by the proinflammatory cytokines TNF-a and IL-1b, but not by IFN-g.
Anti-TNF-a antibodies completely blocked TNF-a-induced miR-9 upregulation. These data candidate miR-9 as a novel miRNA involved in the responses of human phagocytes to selected stimuli of bacterial origin or proinflammatory cytokines. 28 In conclusion, although the relation between TNF-a-induced apoptosis and microRNAs has not been fully elucidated yet, there is evidence of a correlation between miRNAs and TNF-a in immunity. It is possible to hypothesize that as miRNAs regulate the TNF-a pathway in the immune response and vice versa, they may be also involved in TNF-ainduced cell death. Further studies are certainly needed to highlight the role of miRNAs in the TNF-a-receptor-induced apoptosis pathway.
MicroRNAs and CD95. The initial events in CD95-mediated signaling after CD95 stimulation differ between type I and type II cells. In type I cells, caspase-8 is recruited to the DISC, resulting in the release of active caspase-8 in quantities sufficient to directly activate caspase-3. 29 However, despite similar expression levels of surface CD95 and signaling molecules, formation of the DISC is so inefficient in type II cells that only very small quantities of caspase 8 are generated. This amount of caspase-8 is insufficient to process caspase-3, but sufficient to cleave the BH3-only protein, Bid, resulting in the apoptogenic activation of mitochondria. Therefore, the execution of apoptosis can be inhibited by overexpression of Bcl-2 or Bcl-xL only in type II cells. 30 Division of type I and type II cells also matches the NCI60 panel of human tumor cell lines, classified into two superclusters (SC), SC-1 and SC-2, that present different grades of tumorigenicity.
Recently, Shell et al. determined whether miRNAs could regulate the difference between type I and type II cells by analyzing 10 type I and 10 type II cell lines by miRNA array. Four members of the let-7 family of miRNAs (let-7f, let-7d, miR-98 and let-7g) were expressed significantly higher in type II/SC2 cells, and among these, let-7d expression discriminated between the two groups more effectively than any of the tested miRNAs.
They also identify high mobility group A2 (HMGA2) as a let-7 target. The loss of let-7 induced the expression of HMGA2 and identified a mesenchymal cancer subtype in vitro and in vivo.
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As tumor cells with a mesenchymal gene profile represent more advanced stages of cancer, let-7 downregulation could be seen as a part of the process of tumor progression.
Taken together these results highlight that deregulation of microRNAs in type I versus type II cells could induce alterations in apoptotic pathways, increasing the oncogenic potential of cancer cells. Moreover, regulation in cancer cells of CD95 expression by an indirect action of miR-21 (see below) has been as well described 32 and unmasks an alternative mechanism of evading CD95-mediated apoptosis in cancer cells.
MicroRNAs and Apoptosis
It is known that microRNAs could be classified as onco-and tumor-suppressor miRs, depending on whether the target is an onco-or a tumor-suppressor gene.
We discussed before how microRNAs are deregulated by death receptors activation; these data clearly involve them in the cell's response to signals of death or survival.
Below, we will highlight recent findings about selected microRNAs regulating pro-and antiapoptotic genes involved in the extrinsic and intrinsic pathways ( Table 2 and Table 3 ). 
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Xp11. 3 Upregulated in thyroid papillary carcinoma, hepatocarcinoma, CLL, glioblastoma, melanoma, prostate and breast cancer. Hs, human; mmu, mus musculus; rno, rattus norvegicus; gg, gallus gallus; dr, drosophila; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma. 
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Hs, human; mmu, mus musculus; rno, rattus norvegicus; gg, gallus gallus; dr, drosophila; pt, Pan troglodytes (chimpanzee). 33 PDCD4 is a tumor suppressor that inhibits tumor promoter-induced neoplastic transformation and the activation of AP-1-dependent transcription required for transformation. More recently, Papagiannakopoulos et al. reported for the first time that two important miR-21 targets are HNRPK, which codifies for an RNA-binding protein involved in cell-cycle progression, and TAp63, an important epithelial developmental gene that has significant homology to p53. 32 TAp63 directly transactivates the CD95 gene via the p53 binding site in the first intron of CD95, resulting in upregulation of a functional CD95 death receptor. Stimulation and blocking experiments of the CD95, TNF-R and TRAIL-R death receptor systems revealed that TAp63 can trigger expression of each of these death receptors. Furthermore, TAp63 upregulates expression of proapoptotic Bcl-2 family members such as Bax and BCL2L11 and APAF1, demonstrating a link between TAp63 and the mitochondrial apoptosis pathway. Of clinical relevance is the fact that TAp63 inhibition leads to chemo resistance. 34 Zhang et al. demonstrated that miR-21 is also significantly overexpressed in human gastric cancer tissues and cell lines. Forced expression of miR-21 significantly enhanced cell proliferation and invasion in AGS, a human gastric-cancer cell line; conversely, knockdown of miR-21 by inhibitors caused a significant reduction in cell proliferation and a significant increase in apoptosis by targeting RECK, a known tumor suppressor, in gastric cancer. 35 Further, expression-profiling studies using a miRNA microarray revealed that miR-21 is highly overexpressed in hepatocellular carcinoma (HCC) and its cell lines. 36 Inhibition of miR-21 in cultured HCC cells decreased tumor-cell proliferation, migration and invasion by targeting phosphatase and tensin homolog (PTEN) tumor-suppressor gene. 37 These results indicate that through its regulation of cellular process, miR-21 acts as an antiapoptotic factor in several cell lines and may serve as a target for effective therapies.
Recently, miR-221 and miR-222 have been shown to repress cyclin-dependent kinase (CDK) inhibitory proteins p27
Kip1 and p57 as well as the c-Kit receptor, leading to cell proliferation and survival and inhibition of cell differentiation. 21, 36, 20 Zhao et al. reported that estrogen receptor-a (ER-a) is a direct target of miR-221 and miR-222. Knockdown of miR-221 and miR-222 restores ER-a protein expression and sensitizes MDA-MB-468 cells to tamoxifen-induced apoptosis, whereas ectopic expression of miR-221 and miR-222 in MCF-7 and T47D cells reduces the ER-a protein level and renders the cells resistant to tamoxifen. 38 Petrocca et al. performed a genome-wide analysis of miRNA expression at different stages of gastric carcinogenesis. Upregulation of the miR-106b-25 cluster impairs the TGF-b tumor suppressor pathway, interfering with the expression of p21Waf1/Cip1 and Bim. These results suggest that the miR-106b-25 cluster plays a key role in gastric cancer by interfering with proteins involved in both cell cycle and apoptosis. 39 The miR-17-92 cluster, consisting of 7 members transcribed as a polycistronic unit driven by c-myc expression, is often overexpressed in cancers, including B-cell lymphoma.
Inomata et al. demonstrated that miR-17-92 downregulates the proapoptotic protein Bim and CDKN1A/p21 during B-cell lymphomagenesis. 40 O'Donnell et al. showed that E2F1 is negatively regulated by two microRNAs of the miR-17-92 cluster, miR-17-5p and miR-20a. 41 TP53INP1 is a proapoptotic stress-induced p53 target gene; its expression is dramatically reduced in pancreatic ductal adenocarcinoma (PDAC). Gironella et al. demonstrated that TP53INP1 expression is lost in early stages of pancreatic cancer evolution and that its restoration strongly reduces tumor development. Moreover, they showed that TP53INP1 is a direct target of miR-155, and is overexpressed in PDAC cells. 42 Proapoptotic miRNAs. Among the proapoptotic miRNAs are miR-15 and miR-16, the let-7 family and the members of miR-34 family (Table 3) .
MiR-15a and miR-16-1 are deleted or downregulated in the majority of chronic lymphocytic leukemias (CLL) and their expression is inversely correlated to Bcl2 expression in CLL. BCL2 repression by these miRNAs induces the activation of the intrinsic apoptotic pathway in hematopoietic cancer cells. 43 Similarly, an inverse correlation exists between let-7 and RAS in lung tumors, and this provides a possible mechanism for let-7 in cancer. 44 Moreover, Sampson et al. found that overexpression of let-7a decreased Myc mRNA and protein in lymphoma cells, suggesting that deregulation of this miRNA participates in the genesis and maintenance of the lymphoma phenotype in Burkitt lymphoma cells and other Myc-deregulated cancers. 45 The miRNA-34 family comprises three members: miRNA34a, which is generated from a larger transcriptional unit on chromosome 1p36, and miR-34b and miR-34c, both of which are generated by processing of a bicistronic transcript from chromosome 11q23 (termed miR-34bc).
He L et al. identified miRNA components of tumor suppressor pathways, and compared miRNA expression profiles of wild-type and p53-deficient cells. MiR-34a-c is a direct transcriptional target of p53. Ectopic expression of miR-34 induces cell-cycle arrest in both primary and tumor-derived cell lines, which is consistent with the observed ability of miR-34 to downregulate a set of genes promoting cell-cycle progression including cyclin E2 (CCNE2), cyclin-dependent kinase 4 (CDK4) and the hepatocyte growth factor receptor (MET), thus placing the miR-34 family among the proapoptotic miRNAs. 46 The members of the miR-34 family have been discovered to be direct p53 targets. MiR-34 inhibition of SIRT1 in colon cancer cells leads to an increase in acetylated p53 and expression of p21 and PUMA, transcriptional targets of p53 that regulate the cell cycle and apoptosis, respectively. Therefore, a positive feedback loop between p53 and miR-34a 47 exists that is involved in apoptosis resistance in human cancer.
A further confirmation of the proapoptotic function of miR-34 family comes from the paper of Bommer et al. They observed, after miRNA34 induction in SW480 p53 mutant colon cancer cell line, a G 1 arrest, which suggested that miRNA34, similar to p53 itself, regulates cell-cycle progression. They confirmed that the expression of several cell-cycle regulators predicted to be regulated by miRNA34 as Cyclin E2, CDK6 and E2F5, was in fact reduced on ectopic expression of miRNA34a. 48 MiR-122, a hepatospecific miRNA, is frequently downregulated in human HCC. Lin et al. demonstrated that Bcl-w, an antiapoptotic Bcl-2 family member, is a direct target of miR-122. Overexpression of miR-122 in the HCC cell lines, HepG2 and HepG3, led to reduction of cell viability and activation of caspase-3. 49 Finally, Su et al. found that miR-101 sensitized hepatoma cell lines to both serum-starvation-and chemotherapeutic-drug-induced apoptosis by repressing MCL-1, indicating that miR-101 may exert its proapoptotic function via targeting Mcl-1. 50 As described above, Mcl-1 is also a target of miR-29b, and is upregulated in cholangiocarcinoma cell lines that overexpress miR-29b. 16 
Conclusions
Mounting evidence indicates that miRNA plays a fundamental role in tumorigenesis, controlling cell proliferation and apoptosis.
Recent findings suggest, in fact, that different miRNAs are upregulated in response to various proinflammatory mediators as TNF-a and IL-1; conversely, the binding of cytokines to death receptors seems to trigger an alteration in miRNA expression and, accordingly, in the expression of gene targets involved in the apoptotic or survival pathways. As expected, several of miRNAs that regulate the biological response to death receptors target key molecules of apoptosis. Figure 1 Death receptors and microRNAs. Known as the 'death receptor pathway', the extrinsic or caspase-8/10-dependent pathway is activated by ligands such as CD95/Fas, TRAIL, TNF-a and TNF-b. On the binding of cognate ligand, the activated death receptors trimerize and recruit Fas-associated death domain (FADD) and the initiator caspase-8. In this death-inducing signaling complex (DISC), caspase-8 is autoactivated by proteolysis and released into the cytosol; this leads to activation of caspase-3 and subsequently to apoptosis (type I cells). Caspase-8 can also trigger the intrinsic pathway (in type II cells) through the cleavage of Bid. Cleaved Bid induces cytosolic release of cytochrome c and SMAC/Diablo. Cytochrome c binds the adaptor proteins, Apaf-1 and procaspase-9, consequently forming an apoptosome, which activates caspase-9 that activates caspase-3, resulting in apoptosis. The Bcl-2 family can inhibit apoptosis by preventing cytochrome c release into the cytosol. The inhibitor of apoptosis proteins (IAPs) block caspase activation further downstream. SMAC/Diablo displaces these IAPs, thus promoting apoptosis. The intrinsic pathway can also be triggered after DNA-damage by chemotherapy or radiotherapy. In the figure the microRNAs involved in the different pathways and the relative references are reported. MiR-125 downregulates TNF-a. MiR-155 blocks the adaptor proteins FADD, Rip and caspase 3. MiR-221 and -222, by targeting p27 and p57, influence the cell cycle, as well as cell death. MiR-106b-25 and miR-17-92 target Bim and p21, influencing both cell cycle and apoptosis. MiR-96, miR-145, miR-150 and miR-188 act on the effector caspase-3 A significant observation is that more than one-quarter of all known human miRNAs are reported to be deregulated in at least one cancer type. 5, 41 The expression of a subset of miRNAs (e.g., miR-21, miR-221/222, the miR-17-92 cluster) is found to be consistently upregulated, whereas another subset of miRNAs (miR-15, À16, let-7) is consistently downregulated across different cancer types, suggesting that they are involved in regulating common cellular processes that may lead to tumorigenesis when dysregulated. Some miRNAs, such as miR-29b miR-15-16, miR-196, miR-337 and miR-145 have been shown to influence only the apoptotic pathway, whereas others including miR-106b-25 and miR-17-92 may play roles in both the apoptotic and cell-proliferation pathways (Figure 1) .
It is also thought that perturbation of miRNA expression may underlie resistance to chemotherapy. Despite discoveries in the past few years, of new miRNA targets, further studies are needed to untangle the network linking programmed cell death to miRNA regulation of death receptors. This will hopefully lead to new therapeutic treatments for different kind of cancers.
